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CRYOGENIC PUMP EMPLOYING
TIN—GALLIUM ALLOYS AND METHODS
OF USE

RELATED APPLICATION

This application 1s the U.S. National Stage of Interna-
tional Application No. PCT/US2009/039419, filed Apr. 3,
2009, which designates the U.S., published 1n English, and
claims the benefit of U.S. Provisional Application No.
61/123,037/, filed Apr. 4, 2008. The entire teachings of the
above applications are incorporated herein by reference.

BACKGROUND OF THE INVENTION

Currently available cryogenic vacuum  pumps
(cryopumps) generally follow a common design concept. A
low temperature array, usually operating in the range of 4 to
25 K, 1s the primary pumping surface. "

T'his surface 1s
surrounded by a higher temperature radiation shield, usually
operated in the temperature range of 60 to 130 K. The
radiation shield protects the lower temperature array from
radiated heat. The radiation shield generally includes a
housing which 1s closed except at an opening where a frontal
array 1s positioned between the primary pumping surface
and a work chamber to be evacuated.

During operation, high boiling point gases such as water
vapor are condensed on the frontal array. Lower boiling
point gases pass through that array and into the volume
within the radiation shield and condense on the lower
temperature array. A surface coated with an adsorbent such
as charcoal or a molecular sieve operating at or below the
temperature of the colder array may also be provided in this
volume to remove the very low boiling point gases such as
hydrogen. With the gases thus condensed and/or adsorbed
onto the pumping surfaces, a vacuum 1s created in the work
chamber.

In systems cooled by closed-cycle cryocoolers, the cooler

s typically a two-stage refrigerator having a cold finger
which extends through the rear or side of the radiation
shield. High pressure helium refrigerant 1s generally deliv-
ered to the refrigerator through high pressure lines from a
compressor assembly. Electrical power to a displacer drive
motor 1n the cooler 1s usually also delivered through the
compressor or a controller assembly.

The radiation shield 1s connected to a heat sink, or cold
station, at the coldest end of the first stage of the refrigerator.
The shield surrounds the second stage cryopanel in such a
way as to protect 1t from radiant heat. The frontal array 1s
cooled by the first stage heat sink through its attachment to
the radiation shield or, as disclosed in U.S. Pat. No. 4,356,
701, through thermal struts.

The coldest end of the second, coldest stage of the
cryocooler 1s at the tip of the cold finger. The primary
pumping surface, or cryopanel, 1s connected to a heat sink at
this coldest end of the second stage. This cryopanel may be
a simple metal plate or cup, or 1t may be an array of metal
baflles arranged around and connected to the second-stage
heat sink. This second stage cryopanel also supports the low
temperature adsorbent.

As part of the sophisticated technology employed to
produce the utmost dependability and the highest efliciency
of cryopumps, much eflort has been devoted to the selection
of maternials for the regenerative heat exchangers 1n cryo-
genic relrigerators such as Gifford-McMahon, Stirling, and
pulse tube cryogenic refrigerators. Regenerative heat
exchangers which exhibit high volumetric heat capacities at
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2

low temperatures are normally preferred. As shown 1n FIG.
1, most metals, however, exhibit a sharp decrease 1n volu-

metric heat capacity with decreasing temperature below 75
K, i contrast with helium, whose volumetric heat capacity
increases sharply below 25 K, peaking at approximately 10
K. The specific heat values shown in FIG. 1 for tin, anti-
mony, helium, and lead are obtained from reference data, as
disclosed 1n Thermophysical Properties of Matter: Specific
Heat: Metallic Elements and Alloys, Y. S. Touloukian and E
H. Buyco, Vol. 4, and Specific Heat: Nonmetallic quwds
and Gases, Y. S. Touloukian and T. Makita, Vol. 6 (IFI/
Plenum, New York 1970), the entire teachings of which are
incorporated herein by reference. The specific heat values
shown m FIG. 1 for mixtures of two or more metals are
calculated by adjusting the known specific heat values of the
pure metals by the percent composition in the indicated
mixtures. Cryogenic refrigerators typically use lead (Pb) as
a component of the second stage regenerative heat
exchanger, because lead has a relatively high volumetric
heat capacity at cryogenic temperatures.

Lead, however, 1s a poisonous metal that can damage
nervous systems, especially in young children, and cause
blood and brain disorders. Long term exposure to lead or its
salts (especially soluble salts or the strong oxidant PbO,)
can cause nephropathy, and colic-like abdominal pains.
Theretore, the use of lead 1n products 1s now either banned,
restricted or undesirable.

Other regenerative materials, too, have disadvantages. For
example, rare-earth containing intermetallic compounds are
extremely expensive. In addition, intermetallic matenals are
harder and more brittle than metal compounds, and, there-
fore, are diflicult to produce 1n the geometries needed for the
regenerative heat exchangers in cryogenic relrigerators.
These materials also have relatively poor performance
because they can easily disintegrate nto powder when
exposed to repeated mechanical shocks during normal
refrigerator operation. Bismuth 1s another metal with high
volumetric heat capacity, but 1t 1s very expensive, brittle, and
difficult to fabricate into the spherical shape needed for
regenerator material. Bismuth can also disintegrate into
powder like the intermetallic compounds, with the added
disadvantage that bismuth powder i1s highly flammable and
reactive with aluminum and air. Aluminum i1s a common
material of construction in cryogenic refrigerators and thus
the powder may react when the refrigerator 1s disassembled
n air.

As such, there 1s a need for less hazardous and 1mexpen-
sive regenerative heat exchanger materials with high volu-
metric heat capacity that don’t have the potential to degrade
over time during operation and are able to be formed 1nto the
required geometry.

SUMMARY OF THE

INVENTION

In one embodiment, the invention includes a cryogenic
refrigerator that comprises a regenerative heat exchanger
maternal of a tin-antimony (Sn—Sb) alloy 1n thermal contact
with a working gas 1n at least one cooling stage. In a specific
embodiment, the cryogenic refrigerator 1s a Gifford-McMa-
hon cryogenic refrigerator. In another specific embodiment,
the cryogenic refrigerator 1s a pulse tube cryogenic relrig-
crator. In yet another specific embodiment, the cryogenic
refrigerator 1s a Stirling cryogenic refrigerator. In yet another
embodiment, the working gas 1s helium. In some embodi-
ments, the cooling stage includes at least two layers of
regenerative heat exchanger material. In certain embodi-
ments, at least one layer includes a tin-antimony (Sn—=Sb)
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alloy, and at least one layer includes at least one rare earth
clement. In certain other embodiments, at least one layer
includes a tin-antimony (Sn—>Sb) alloy, and at least one
layer includes a rare earth imntermetallic compound of one or
more rare earth elements with a non-rare earth metal. In yet
other embodiments, at least one layer includes a tin-anti-
mony (Sn—=Sb) alloy, and at least one layer includes a solid
solution alloy of rare earth elements. In a specific embodi-
ment, the Sn—Sb alloy comprises a maximum of about 43%
antimony by weight, preferably about 9.6% antimony by
weight, and more preferably about 6.7% antimony by
weight. In another specific embodiment, the Sn—Sb alloy
comprises a minimum of about 0.5% antimony by weight. In
another embodiment, the Sn—Sb alloy includes substan-
tially spherical tin-antimony alloy particulates, in a diameter
range of between about 0.01 mm and about 3 mm.

In another embodiment of the cryogenic refrigerator, the
cooling stage further includes a cold station 1n direct thermal
contact with the working gas. In a specific embodiment, the
cold station 1s substantially composed of copper.

In another embodiment of the cryogenic refrigerator, the
regenerative heat exchanging material includes a Sn—Sb-M
alloy. M can include at least one element selected from the
group consisting of Bi, Ag, Ge, Cu, La, Mg, Mn, Nd, N1, Pd,
Pt, K, Rh, Sm, Se, S, Y, Fe, In, Cd, T1, Al, Ce, Dy, Au, P, Pr,
Yb, and Zn, from about 0.01% to about 40% of M by weight,
from about 0.1% to about 43% of Sb by weight, and from
about 50% to about 99.5% of Sn by weight. In some
embodiments, the cooling stage includes at least two layers
of regenerative heat exchanger material. In certain embodi-
ments, at least one layer includes a Sn—Sb-M alloy, and at
least one layer includes at least one rare earth element. In
certain other embodiments, at least one layer includes a
Sn—Sb-M alloy, and at least one layer includes a rare earth
intermetallic compound of one or more rare earth elements
with a non-rare earth metal. In yet other embodiments, at
least one layer includes a Sn—Sb-M alloy, and at least one
layer includes a solid solution alloy of rare earth elements.
In a specific embodiment, the Sn—Sb-M alloy includes
substantially spherical Sn—Sb-M particulates, in a diameter
range of between about 0.01 mm and about 3 mm.

In another embodiment, the invention 1includes a
cryopump that comprises a cryogenic reifrigerator that
includes at least one cooling stage containing a working gas
adapted to be a cryogenic refrigerant, and containing at least
one cold station 1n thermal contact with the at least one
cooling stage, a regenerative heat exchanger material 1n
thermal contact with the working gas, the regenerative heat
exchanger material including a tin-antimony (Sn—=Sb) alloy,
and at least one cryopanel adapted to condense or adsorb
gases, connected to the at least one cold station. In a specific
embodiment, the Sn—Sb alloy comprises a maximum of
about 43% antimony by weight, preferably about 9.6%
antimony by weight, and more preferably about 6.7% anti-
mony by weight. In another specific embodiment, the Sn—
Sb alloy comprises a mimimum of about 0.5% antimony by
weight. In a specific embodiment, the cryogenic refrigerator
1s a Giflord-McMahon cryogenic relrigerator. In another
specific embodiment, the cryogenic refrigerator 1s a pulse
tube cryogenic refrigerator. In yet another specific embodi-
ment, the cryogenic reifrigerator 1s a Stirling cryogenic
reirigerator. In some embodiments, the working gas 1s
helium. In another embodiment, the cryopump comprises a
regenerative heat exchanger material that includes an Sn—
Sb-M alloy. M can include at least one element selected
from the group consisting of B1, Ag, Ge, Cu, La, Mg, Mn,
Nd, N1, Pd, Pt, K, Rh, Sm, Se, S, Y, Fe, In, Cd, Ti, Al, Ce,
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Dy, Au, P, Pr, Yb, and Zn, from about 0.01% to about 40%
of M by weight, from about 0.1% to about 43% of Sb by
weight, and from about 50% to about 99.5% of Sn by
weight.

In another embodiment, the invention includes a

cryopump that comprises a Giflord-McMahon cryogenic
refrigerator that includes a reciprocating displacer within a
cryogenic refrigerator with first and second coaxial stages,
the displacer being driven in reciprocating motion alter-
nately compressing and expanding a working gas adapted to
be a cryogenic relrigerant, a regenerative heat exchanger
material in the displacer 1n thermal contact with the working
gas, the regenerative heat exchanger material including a
tin-antimony (Sn—>Sb) alloy, and at least one cryopanel
adapted to condense or adsorb gases, connected to the
second coaxial stage. In a specific embodiment, the Sn—Sb
alloy comprises a maximum of about 43% antimony by
weight, preferably about 9.6% antimony by weight, and
more preferably about 6.7% antimony by weight. In another
specific embodiment, the Sn—=Sb alloy comprises a mini-
mum of about 0.5% antimony by weight.
In another embodiment of the cryopump that comprises a
Gifford-McMahon cryogenic refrigerator, the regenerative
heat exchanger material includes an Sn—Sb-M alloy. M can
include at least one element selected from the group con-
sisting of B1, Ag, Ge, Cu, La, Mg, Mn, Nd, N1, Pd, Pt, K, Rh,
Sm, Se, S, Y, Fe, In, Cd, T1, Al, Ce, Dy, Au, P, Pr, Yb, and
/Zn, from about 0.01% to about 40% of M by weight, from
about 0.1% to about 43% of Sb by weight, and from about
50% to about 99.5% of Sn by weight.

In still another embodiment, the invention includes a
cryopump that comprises a pulse tube cryogenic refrigerator
that includes a bufler tank configured to contain a volume of
a working gas adapted to be a cryogenic refrigerant, a first
heat exchange region 1n fluid communication with the bufler
tank, a pulse tube 1n fluid communication with the first heat
exchange region, configured to transmit a gas pressure wave
along the pulse tube, a second heat exchange region 1n fluid
communication with the pulse tube, a cavity 1n fluid com-
munication with the second heat exchange region, the cavity
containing a regenerative heat exchanger material 1n thermal
contact with the working gas, the regenerative heat
exchanger material including a tin-antimony (Sn—=Sb) alloy,
a source of gas pressure adapted to create a gas pressure
wave, and at least one cryopanel adapted to condense or
adsorb gases, connected to the second heat exchange region.
In a specific embodiment, the cryopump further includes a
flow restriction orifice in fluild communication with the
bufler tank and with the first heat exchange region. In
another specific embodiment, the flow restriction orifice
turther includes an adjustable opening. In yet another spe-
cific embodiment, the source of gas pressure 1s a recipro-
cating displacer, the displacer being driven 1n reciprocating
motion, alternately compressing and expanding the working
gas. In some embodiments, the working gas 1s helium. In
another specific embodiment, the regenerative heat
exchanger material includes at least two layers. In vyet
another specific embodiment, the cryopump includes a cold
station 1n direct thermal contact with the working gas. In a
specific embodiment, the cold station 1s substantially com-
posed of copper. In yet another specific embodiment, the
Sn—>Sb alloy comprises a maximum of about 43% antimony
by weight, preferably about 9.6% antimony by weight, and
more preferably about 6.7% antimony by weight. In another
specific embodiment, the Sn—=Sb alloy comprises a mini-
mum of about 0.5% antimony by weight. In another embodi-
ment, the regenerative heat exchanger material includes an
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Sn—Sb-M alloy. M can include at least one element selected
from the group consisting of B1, Ag, Ge, Cu, La, Mg, Mn,
Nd, N1, Pd, Pt, K, Rh, Sm, Se, S, Y, Fe, In, Cd, Ti, Al, Ce,
Dy, Au, P, Pr, Yb, and Zn, from about 0.01% to about 40%
of M by weight, from about 0.1% to about 43% of Sb by
weight, and from about 50% to about 99.5% of Sn by
weight.

In yet another embodiment, the invention includes a
cryogenic reifrigerator that comprises a regenerative heat
exchanger material of a tin-gallium (Sn—Ga) alloy 1n ther-
mal contact with a working gas 1n at least one cooling stage.
In a specific embodiment, the cryogenic refrigerator 1s a
Gifford-McMahon cryogenic reifrigerator. In another spe-
cific embodiment, the cryogenic refrigerator 1s a pulse tube
cryogenic refrigerator. In vet another specific embodiment,
the cryogenic refrigerator 1s a Stirling cryogenic refrigerator.
In some embodiments, the working gas 1s helium. In some
embodiments, the cooling stage includes at least two layers
of regenerative heat exchanger material. In certain embodi-
ments, at least one layer includes a tin-gallium (Sn—Ga)
alloy, and at least one layer includes at least one rare earth
clement. In certain other embodiments, at least one layer
includes a tin-gallium (Sn—Ga) alloy, and at least one layer
includes a rare earth intermetallic compound of one or more
rare earth elements with a non-rare earth metal. In yet other
embodiments, at least one layer includes a tin-gallium
(Sn—Ga) alloy, and at least one layer includes a solid
solution alloy of rare earth elements. In a specific embodi-
ment, the Sn—Ga alloy comprises a maximum of about
3.9% gallium by weight.

In still another embodiment, the invention includes a
method of operating a cryopump at cryogenic temperature.
The method comprises reciprocating a displacer within a
cold-accumulating unit of the cryvopump. The displacer
houses a regenerative heat exchanger material that includes
a tin-antimony alloy. A working gas 1s introduced nto the
cold-accumulating umt under pressure, and then expanded
by the displacer, thereby cooling the gas, which, 1n turn,
cools the regenerative heat exchanger material. In a specific
embodiment, the working gas 1s helium.

In another embodiment, the invention includes a method
of operating a cryopump at cryogenic temperature that
comprises providing at least one cooling stage containing a
working gas adapted to be a cryogenic reifrigerant, and
containing at least one cold station 1n thermal contact with
the at least one cooling stage, and a regenerative heat
exchanger material in thermal contact with the working gas,
the regenerative heat exchanger material including a tin-
antimony (Sn—->Sb) alloy. The method further includes con-
densing or adsorbing gases on at least one cryopanel con-
nected to the at least one cold station.

In still another embodiment, the regenerative heat
exchanger material that includes a tin-antimony alloy 1s not
contained 1n a moving displacer and 1nstead 1s 1n a fixed bed
with pressure pulses traversing the working gas across the
regenerative heat exchanger material. In a specific embodi-
ment, the working gas 1s helium.

The invention 1s advantageous in that 1t provides less
hazardous and inexpensive regenerative heat exchanger
materials including tin-antimony (Sn—=Sb) alloys with high
volumetric heat capacity that don’t have the potential to
degrade over time during operation and are able to be
formed into the required geometry for cryogenic refrigera-
tors. Cryogenic vacuum pumps that include regenerative
heat exchanger materials of this mvention as part of lead-
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free cryogenic refrigerators provide clean vacuum environ-
ments for semiconductor manufacturing and other electron-
ics manufacturing processes.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graph of volumetric specific heat values as a
function of temperature for several metals and combinations
ol two or more metals and helium gas.

FIG. 2 1s a cross section view of three layers of regen-
crative heat exchanger materials and corresponding relative
temperature distribution.

FIG. 3 1s a cross section view of an embodiment of a
Giflord-McMahon cryogenic refrigerator that houses regen-
crative heat exchanger maternial of the present invention.

FIG. 4 1s a cross section view of an embodiment of a
cryopump that includes a Gifford-McMahon cryogenic
refrigerator that houses regenerative heat exchanger material
of the present invention.

FIG. 5 1s a cross section view of an embodiment of a
cryopump that includes a pulse tube cryogenic refrigerator
that houses regenerative heat exchanger material of the
present mvention.

FIG. 6 1s a cross section view of an embodiment of a split
Stirling cryogenic refrigerator that houses regenerative heat
exchanger material of the present invention.

FIG. 7 1s a cross section view of an embodiment of an
integral Stirling cryogenic refrigerator that houses regenera-
tive heat exchanger material of the present invention.

FIG. 8 1s a cross section view of an embodiment of a
cryopump that includes a split Stirling cryogenic refrigerator
that houses regenerative heat exchanger material of the
present invention.

FIG. 9 1s a cross section view of an embodiment of a
cryopump that includes an integral Stirling cryogenic refrig-
crator that houses regenerative heat exchanger material of
the present mvention.

FIG. 10 1s a graph of the temperature of the second stage
(degrees Kelvin) as a function of the heat load (Watts)
applied to the second stage of a cryogenic relrigerator

including regenerative heat exchanger materials composed
of 95% Sn 5% Sb by weight as compared to lead (Pb).

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

The foregoing will be apparent from the following more
particular description of example embodiments of the imnven-
tion, as illustrated 1n the accompanying drawings in which
like reference characters refer to the same parts throughout
the different views. The drawings are not necessarily to
scale, emphasis instead being placed upon illustrating
embodiments of the present invention.

Metallic tin (Sn) 1s generally non-toxic to humans, even
upon uptake of small concentrations for a long period of
time, and elemental tin rarely aflfects human health. As such,
tin 1s an environmentally sensible substitute for lead as a
regenerative heat exchanger material applied to cryogenic
refrigerators 1n cryopumps, without significantly compro-
mising volumetric heat capacity as shown in FIG. 1.

Tin has two allotropes at normal pressure and tempera-
ture: gray alpha (a)-tin and white beta (3)-tin. Below 13.2°
C. at equilibrium, 1t exists as a-tin, which has a cubic crystal
structure similar to silicon and germanium. Gray tin has poor
metallic properties; it 1s a dull-gray brittle material. When
warmed above 13.2° C. at equilibrium, tin changes into
white or [3-tin, which 1s a ductile metal with a tetragonal
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structure. Alpha tin can cause undesirable effects 1n appli-
cations where the ductile properties of tin are important and
the transformation results in powdering of the transformed
material because of the stresses that result from the volume
change associated with the transformation. The transforma-
tion of -tin to a-tin also occurs slowly when held for a long,
time below 13.2° C. Incubation times for the formation of
a-tin can range from months to more than a year. The
transformation 1mvolves an incubation time i1n which the
alpha phase nucleates at the surface, and a growth phase 1n
which the alpha phase grows into the beta phase over time.
The result can be a metallic surface of white tin that becomes
covered with a gray powder which 1s easily rubbed off. This
process 1s known as tin disease or tin pest.

Regenerative heat exchanger materials made of gray or
alpha tin are unsuted to be applied in cryogenic cycles,
because the low temperature surfaces of cryopumps operate

in the range of 4 to 70 K (-269° C. to -=203° C.) and cycle

between room temperature and the cold operating range for
regular maintenance and regeneration. The transformation to
gray tin 1s prevented by the addition of antimony (Sb), 1n
suilicient quantity, forming an alloy of tin and antimony. Tin
alloys containing one or more of lead and bismuth 1n
suilicient quantities or 1n combination resulting 1n suflicient
quantities will also eliminate the transformation to c-tin.
The inclusion of additional elements to enhance properties
such as volumetric heat capacity and ductility and minimize
thermal conductivity may be included as long as the mini-
mum amount of the imhibiting element 1s included 1n the
alloy. These alloying elements include but are not limited to:
In, Ag, Au, Cd, T1, N1, B1, Ge, Cu, Mg, Mn, Pd, Pt, K, Rh,
Se, S, Y, Fe, Al, P, Yb, Zn, and the rare-earth elements.

As such, in certain embodiments of the present invention,
the regenerative heat exchanger material for operating a
cryogenic refrigerator includes tin-antimony (Sn—=Sb) alloy.
The regenerative heat exchanger material can generally
comprise a plurality of phases, each having a different
composition ratio and impurity phases such as oxide and
carbide.

In one embodiment, the Sn—Sb alloy can include up to
the maximum solid solubility of about 9.6% Sb by weight
with a minimum concentration of about 0.5% Sb by weight.
Compositions can include up to about 43% Sb by weight.

In certain other embodiments, the regenerative heat
exchanger material for operating a cryogenic refrigerator
includes a tin-gallium (Sn—Ga) alloy. In one embodiment,
the Sn—Ga alloy can include up to the maximum solid
solubility of about 3.9% Ga by weight.

In certain embodiments, the regenerative heat exchanger
material can be a ternary alloy following the general formula
Sn—>Sb-M, wherein M 1s an element selected from the group
consisting of B1, Ag, Ge, Cu, La, Mg, Mn, Nd, N1, Pd, Px,
K, Rh, Sm, Se, S, Y, Fe, In, Al, Ce, Dy, Cd, T1, Au, P, Pr, Yb,
Er, Ho, Gd, and Zn. In certain embodiments, the Sn—Sb-M
alloy material can include from about 0.01% to about 40%
of M by weight, from about 0.1% to about 43% of Sb by
weight, and from about 50% to about 99.5% of Sn by
weight.

Preferably, the regenerative heat exchanger materials of
the present mvention are comprised of spheres having
substantially umiform diameters, i order to provide for
mimmization of pressure drop along the flow direction of the
operating medium (refrigerant), such as helium (He) gas, 1n
a cold-accumulating unit packed with the regenerative heat
exchanger material, and in order to increase the heat
exchange efliciency between the operating medium and the
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regenerative heat exchanger material, and to maintain a
constant rate of heat exchange within the cold-accumulating
unit.

The size of the regenerative heat exchanger matenal 1s a
factor that has a large influence upon the cooling functions
and the heat transfer characteristics of the refrigerator. In one
embodiment, the diameter range of the substantially spheri-
cal regenerative heat exchanger material 1s in a range of
between about 0.01 mm and about 3 mm.

In an additional embodiment shown in FIG. 2, regenerator
heat exchanger 200 may contain layers of materials 210,
220, and 230, with various volumetric heat capacities as
appropriate to the temperature at the respective location 1n
the regenerator, a high temperature T,, at one end 210, a
lower intermediate temperature T, in the middle 220, and a
low temperature T, at the other end of the regenerator 230.
The regenerative heat exchanger matenals of this invention
will be included 1n at least one of the layers. In certain
embodiments, at least one layer includes a tin-antimony
(Sn—Sb) alloy, and at least one layer includes at least one
rare earth element. Suitable rare earth elements include, for
example, Sc, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, and Lu. In certain other embodiments, at least
one layer includes a tin-antimony (Sn—=Sb) alloy, and at
least one layer includes a rare earth intermetallic compound
ol one or more rare earth elements with a non-rare earth
metal. Suitable rare earth intermetallic compounds include,
for example, HoCu,, Er,Ni, PrCu,, GdRh, GdErRh, and
EuTe. In yet other embodiments, at least one layer includes
a tim-antimony (Sn—>Sb) alloy, and at least one layer
includes a solid solution alloy of rare earth elements. Suit-
able solid solution alloys of rare earth elements include, for
example, Er—Pr, La—Ce, Ce—Pr, Gd—Tb, Dy—Ho, Er—
La, Ho—FEr, Nd—Sm, Nd—Y, and Gd—Y.

The cryogenic reifrigerator of the present invention 1s
constructed so as to comprise a plurality of cooling stages
and alloy materials filled 1n at least part of a regenerative
heat exchanger at a final cooling stage of the refrigerator. For
example, 1n the case of a two-stage expansion type relrig-
crator, the regenerative heat exchanger material of this
invention 1s filled 1n a low-temperature end of the regenera-
tor disposed at a second cooling stage. In the case of a
three-stage expansion type relrigerator, the regenerative heat
exchanger material of this invention 1s filled 1n a low-
temperature end of a cold-accumulating unit disposed at a
third stage. On the other hand, the cold-accumulating units
of the other two stages of the three-stage refrigerator, which
operate at successively higher temperatures than the third
stage, optimally can be filled with other regenerator mate-
rials having a high volumetric specific heat at the operating
temperature of the particular cold-accumulating unit. The
three-stage refrigerator may also contain the material of this
invention in portions of the second and/or third stages
depending on the operating temperatures of the stages and
the heat capacity needed to provide the required cooling.
The regenerative heat exchanger material of this imnvention
may be used similarly in systems with more than three
stages.

Cryogenic relrigerators of the mvention include Gifford-
McMahon type cryogenic refrigerators, pulse tube cryogenic
refrigerators, and Stirling type cryogenic refrigerators. One

embodiment of a Giflord-McMahon cryogenic refrigerator
of the invention 1s shown 1n FIG. 3. Referring now to FIG.
3, a Gifford-McMahon cryogenic refrigerator 100 includes a
housing 105 that further includes first stage displacer 110
having a large diameter and second stage displacer 1135
having a small diameter, which 1s connected coaxially to first

.
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stage displacer 110. First stage displacer 110 1s driven by
displacer drive motor 120 and 1s connected to second stage
displacer 115 and freely reciprocates along with 1t in cylin-
der 105, as indicated by bi-directional arrows 131, 132, and
133.

First stage displacer 110 accommodates {irst stage regen-
crative heat exchanger material 150. In one embodiment,
first stage regenerative heat exchanger material 150 can
include copper or stainless steel mesh or an equivalent
thereof.

In second stage displacer 115, the low temperature side
contains second stage regenerative heat exchanger material
170 made of a regenerative heat exchanger material of this
invention for extremely low temperature. In certain embodi-
ments of the present invention, the regenerative heat
exchanger maternial for operating a cryogenic reirigerator
includes tin-antimony (Sn—Sb) alloy. In certain other
embodiments of the present invention, the regenerative heat
exchanger material can be a ternary alloy following the
general formula Sn—Sb-M, wherein M 1s an clement
selected from the group consisting of Bi, Ag, Ge, Cu, La,
Mg, Mn, Nd, N1, Pd, Pt, K, Rh, Sm, Se, S, Y, Fe, In, Al, Ce,
Dy, Au, Cd, T1, P, Pr, Yb and Zn. Second stage regenerative
heat exchanger material 170 1s contained within second
stage displacer 115 by screens or the like. In certain embodi-
ments, first stage regenerative heat exchanger material 150
and second stage regenerative heat exchanger material 170
can include at least two layers of matenals, with various
volumetric heat capacities as appropriate to the temperature
at the respective location 1n the regenerator.

First expansion chamber 180 1s provided between first
stage displacer 110 and second stage displacer 115. Second
expansion chamber 185 i1s provided below second stage
displacer 115. First stage cold station 160 1s provided around
first expansion chamber 180 and, further, second stage cold
station 190 which 1s colder than first stage cold station 160
1s provided around second expansion chamber 185. Optional
heating sources 195 and 196 can be provided in contact with
second stage cold station 190 and first stage cold station 160,
respectively, to warm the second and first stages during
operation and regular maintenance. Second stage cold sta-
tion 190 has an operating temperature of about 10 K to about
25 K, and therefore 1t 1s a vacuum pumping surface for gases
that condense at very low temperatures or are adsorbed by
other materials at these cold temperatures. In one embodi-
ment, there 1s no barrier between the helium gas and high
thermal conductivity second stage cold station 190 so that
there 1s direct thermal contact between the helium gas and
second stage cold station 190. In another embodiment, either
or both first stage cold station 160 and second stage cold
station 190 1nclude copper for a greater degree of thermal
contact between the helium gas and the respective cold
stations.

The flow of working gas refrigerant in the cryogenic
refrigerator of a cryopump 1s cyclic. In the most basic form
of a Gifford-McMahon cryogenic refrigerator, shown 1in
FIG. 3, a source of compressed gas, 1.€., a compressor, 1S
connected to a first end of a cylinder through an inlet valve
A. An exhaust valve B 1n an exhaust line leads from the first
end to the low-pressure inlet of the compressor. With a
displacer including a regenerator at a second end of the
cylinder, and with the exhaust valve closed and the inlet
valve open, the cylinder fills with compressed gas. With the
inlet valve still open, the displacer moves to the first end to
force compressed gas through the regenerator to the second
end, the gas being cooled as 1t passes through the regenera-
tor. When the inlet valve 1s closed and the exhaust valve 1s
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opened, the gas expands 1nto the low-pressure discharge line
and cools further. The resulting temperature gradient across
the cylinder wall at the second end causes heat to flow from
the load into the gas within the cylinder. With the exhaust
valve opened and the inlet valve closed, the displacer 1s then
moved to the second end, displacing gas back through the
regenerator which returns heat to the cold gas, thus cooling
the regenerator, and the cycle 1s completed.

To produce the low temperatures required for cryopump
uses, the incoming gas must be cooled before expansion.
The regenerator extracts heat from the incoming gas, stores
it, and then releases it to the exhaust stream. A regenerator
1s a reversing-tlow heat exchanger through which the helium
passes alternately 1n either direction. The regenerator com-
prises a material of hugh surface area, high specific heat, and
low thermal conductivity. Thus, the regenerator will accept
heat from the helium i1 the helium’s temperature 1s higher.
If the helium’s temperature 1s lower, the regenerator will
release heat to the helium.

Further, a second stage of refrigeration can be added, as
shown 1n FIG. 3, to achieve temperatures below 10 K. In the
device of FIG. 3, helium enters the refrigerator through
valve A and exits through valve B. Displacer drive motor
120 drives displacers 110 and 115 1n the first stage and
second stage, respectively. First stage displacer 110 includes
first stage regenerator 150, and second stage displacer 115
includes second stage regenerator 170. Heat 1s extracted
from first-stage thermal load 112 and second-stage thermal
load 117. Heating sources 195 and 196 can optionally be
provided 1n contact with the second and first stages to warm
the second and first stages, respectively, during operation
and regular maintenance. The basic operation of a Gifford-
McMahon cryogenic refrigerator 1s described in New Low-
lemperature Gas Expansion Cycle, H. O. McMahon and W.
E. Gifford, Proceedings of the Cryogenic Engineering Con-
terence, Advances 1 Cryogenic Engineering, Vol. 5 Part 1,
p. 354-372 (Boulder, Colo., 1959), and U.S. Pat. Nos.
2,906,101 and 2,966,035, the entire teachings of all of which
are mcorporated herein by reference.

One embodiment of a cryopump that includes a Gifford-
McMahon cryogenic refrigerator 1s shown 1n FIG. 4. Refer-
ring now to FIG. 4, Giflord-McMahon cryopump 300
includes vacuum vessel 320 with vacuum vessel tlange 330
containing radiation shield 325, frontal cryopanel array 340
connected to radiation shield 325, and cryopanel array 350
connected to second stage cold station 190, which 1s con-
nected to second stage displacer 115 of cryogenic refrigera-
tor 105. Inside second stage displacer 115, the low tempera-
ture side contains second stage regenerative heat exchanger
material 170 (not shown) made of a regenerative heat
exchanger material of this mvention for extremely low
temperature. Drive motor 120, working gas intake line A and
exhaust line B, and first stage cold station 160 of cryogenic
refrigerator 105 are also shown 1n FIG. 4. The components
and operation of a Giflord-McMahon cryopump are
described 1n U.S. Pat. No. 4,918,930, the entire teachings of
which are incorporated herein by reference.

In certain embodiments of a Gifford-McMahon
cryopump, the first stage regenerative heat exchanger mate-
rial (not shown in FIG. 4) and the second stage regenerative
heat exchanger material (not shown in FIG. 4) can include
at least two layers as described above, with various volu-
metric heat capacities as appropriate to the temperature at
the respective location in the regenerator. In certain other
embodiments of the present invention, the regenerative heat
exchanger material for operating a cryogenic refrigerator
includes tin-antimony (Sn—=Sb) alloy or tin-gallium (Sn—
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Ga) alloy. In certain other embodiments of the present
invention, the regenerative heat exchanger material can be a
ternary alloy following the general formula Sn—Sb-M,
wherein M 1s an element selected from the group consisting,
of B1, Ag, Ge, Cu, La, Mg, Mn, Nd, N1, Pd, Pt, K, Rh, Sm,
Se, S, Y, Fe, In, Al, Ce, Dy, Au, Cd, T1, P, Pr, Yb and Zn.

In certain embodiments of a Gifford-McMahon
cryopump, there 1s no barrier between the working gas, for
example, helium, and high thermal conductivity second
stage cold station 190 so that there 1s direct thermal contact
between the helium gas and second stage cold station 190.
In another embodiment, either or both first stage cold station
160 and second stage cold station 190 include copper for a
greater degree of thermal contact between the helium gas
and the respective cold stations.

A cryopump can include a pulse tube refrigerator. Pulse
tube refrigerators are regenerative refrigerators in which a
pressure wave travels back and forth through a bufler tank,
a pulse tube, and a section containing the regenerative heat
exchanger material. The pressure wave creates an oscillating
gas column, called a gas piston, that functions as a com-
pressible displacer to move the working gas back and forth
through the regenerative heat exchanger material. In this
process, one end of the pulse tube 1s cooled, creating a cold
station region, and the other end of the pulse tube 1s heated,
creating a hot station region, where heat 1s dissipated away
from the reirigerator. The pressure wave can be created by
a compressor connected to the pulse tube refrigerator by
high and low pressure gas lines, or by oscillators such as
acoustic sources and pistons, and therefore a pulse tube
refrigerator has no moving parts at the cold end. Some pulse
tube refrigerators contain an orifice between the pulse tube
and the bufler tank to act as a flow resistance to enable
proper phasing of the gas motion and pressure wave. Pulse
tube refrigerators can be single stage or can contain multiple
stages. The basic operation of a pulse tube refrigerator 1s
described in Development of the Pulse Tube Refrigerator as
an Efficient and Reliable Cryocooler, R. Radebaugh, Pro-
ceedings of the Institute of Refrigeration, Vol. 96 (London,
1999/2000), the entire teachings of which are incorporated
herein by reference.

One embodiment of a cryopump that includes a pulse tube
cryogenic refrigerator 1s shown 1n FIG. 5. Referring now to
FIG. 5, pulse tube cryopump 400 includes vacuum vessel
420 with vacuum tlange 430 containing radiation shield 425,
frontal cryopanel array 440, and cryopanel array 450. Pulse
tube refrigerator 405 includes high pressure gas inlet A,
connected to valve assembly 455, which 1s 1n fluid commu-
nication with first stage pulse tube refrigerator assembly
410, bufler tank 500, second stage reirigerator pulse tube
assembly 510, and low pressure gas outlet B. First stage
pulse tube refrigerator assembly 410 includes first stage heat
exchanger 150, which 1s connected to first stage cold station
460, which 1s 1n fliud communication with first stage pulse
tube 470, first stage hot station 480, and first stage flow
restriction orifice 490. Second stage pulse tube refrigerator
assembly 510 includes second stage heat exchanger 170,
which 1s connected to second stage cold station 560, which
1s 1n tluid communication with second stage pulse tube 570,
second stage hot station 580, and second stage flow restric-
tion orifice 590. The components and operation of a pulse
tube cryopump are described 1n U.S. Pat. No. 7,201,004, the
entire teachings of which are incorporated herein by refer-
ence.

In one embodiment of the cryopump shown 1n FI1G. §, first
regenerative heat exchanger material 150 can include copper
mesh or an equivalent thereof. In certain embodiments of a
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pulse tube cryopump, first stage regenerative heat exchanger
material 150 and second stage regenerative heat exchanger
material 170 can include at least two layers as described
above, with various volumetric heat capacities as appropri-
ate to the temperature at the respective location in the
regenerator. In certain other embodiments of the present
invention, the regenerative heat exchanger material for oper-
ating a pulse tube refrigerator includes tin-antimony (Sn—
Sb) alloy or tin-galllum (Sn—Ga) alloy. In certain other
embodiments of the present invention, the regenerative heat
exchanger material can be a ternary alloy following the
general formula Sn—Sb-M, wherein M 1s an element

selected from the group consisting of Bi, Ag, Ge, Cu, La,
Mg, Mn, Nd, Ni, Pd, Pt, K, Rh, Sm, Se, S, Y, Fe, In, Al, Ce,
Dy, Au, Cd, T1, P, Pr, Yb and Zn.

In certain embodiments of a pulse tube cryopump, there
1s no barrier between the working gas, for example, helium,
and high thermal conductivity second stage cold station 560
so that there 1s direct thermal contact between the helium gas
and second stage cold station 560. In another embodiment,
either or both first stage cold station 460 and second stage
cold station 560 include copper for a greater degree of
thermal contact between the helium gas and the respective
cold stations.

A cryopump can include a Stirling cryogenic refrigerator.
One embodiment of a two-stage Stirling cryogenic refrig-
erator 1s shown 1n FIG. 6. Referring now to FIG. 6, Stirling
cryogenic relfrigerator 600 includes pressure wave source
610, pressure wave transier line 620, a housing 625 that
further includes first stage displacer 630 having a large
diameter and second stage displacer 640 having a small
diameter, which 1s connected coaxially to first stage dis-
placer 630.

In certain embodiments of a Stirling cryogenic refrigera-
tor, first stage regenerative heat exchanger material 150 and
second stage regenerative heat exchanger material 170 can
include at least two layers as described above, with various
volumetric heat capacities as appropriate to the temperature
at the respective location in the regenerator. First stage
displacer 630 accommodates {first stage regenerative heat
exchanger material 150. In one embodiment, first stage
regenerative heat exchanger material 150 can include copper
or stainless steel mesh or an equivalent thereof.

In second stage displacer 640, the low temperature side
contains second stage regenerative heat exchanger material
170 made of a regenerative heat exchanger material of this
invention for extremely low temperature that includes tin-
antimony (Sn—=Sb) alloy.

First stage cold station 160 1s provided at the end of first
stage displacer 630 distal from pressure wave source 610,
and, further, second stage cold station 190 which 1s colder
than first stage cold station 160 1s provided at the end of
second stage displacer 640 distal from first stage cold station
160. Second stage cold station 190 has an operating tem-
perature of about 10 K to about 25 K, and therefore 1t 1s a
vacuum pumping surface for gases that condense at very low
temperature or are adsorbed by other materials at these cold
temperatures. Heat 1s extracted from first stage thermal load
112 and second stage thermal load 117. In another embodi-
ment of a Stirling cryogenic refrigerator, pressure wave
source 610 can be a piston or an acoustic source. In yet
another embodiment of a Stirling cryogenic relrigerator,
shown 1n FIG. 7, pressure wave source 610 1s integral with
housing 6235, and therefore pressure wave transier line 620
1s not necessary. Referring now to FIG. 7, all of the items
shown are previously described above for FIG. 6.
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One embodiment of a cryopump that includes a two-stage
Stirling cryogenic refrigerator 1s shown in FIG. 8. Referring
now to FIG. 8, cryopump 700 includes pressure wave source
610 connected to pressure wave transier line 620, vacuum
vessel 320 with vacuum vessel flange 330 containing radia-
tion shield 325, frontal cryopanel array 340 connected to
radiation shield 325, and cryopanel array 350 connected to
second stage cold station 190, which 1s connected to second
stage displacer 115 of cryogenic refrigerator 105. Inside
second stage displacer 115, the low temperature side con-
tains second stage regenerative heat exchanger material 170
(not shown) made of a regenerative heat exchanger material
of this invention for extremely low temperature that includes
tin-antimony (Sn—=>Sb) alloy. In another embodiment of a
cryopump that includes a Stirling cryogenic refrigerator,
pressure wave source 610 can be a piston or an acoustic
source. In yet another embodiment of a Stirling cryogenic
refrigerator, shown 1n FIG. 9, pressure wave source 610 1s
integral with vacuum vessel 320, and therefore pressure
wave transier line 620 1s not necessary. Referring now to
FIG. 9, all of the 1tems shown are previously described

above tor FIG. 8.

EXEMPLIFICATION

Regenerative heat exchanger materials 1n the form of 0.28
mm diameter round shot with a composition of 95% Sn by
welght and 5% Sb by weight were tested 1n a standard two
stage Gitlord-McMahon refrigerator. The Sn—Sb regenera-
tive materials of uniform size and composition were con-
tained 1 heat exchanger 170 of the second stage displacer
115 of Gifford-McMahon refrigerator 100, shown 1n FIG. 3.
The second stage was configured for direct thermal contact
between the helium working gas refrigerant and copper heat
station 190, shown 1in FIG. 3. Test conditions included
various settings of the temperature of the first stage, and
various reciprocation rates of displacer drive motor 120,
shown 1 FIG. 3. The first stage temperature setting was
controlled by changing the heat load to the first stage to
maintain the required temperature. The heat load on the
second stage was gradually increased and the temperature of
the second stage was monitored. FIG. 10 shows a graph of
the temperature of the second stage (degrees Kelvin) as a
function of the heat load (Watts) applied to the second stage
for a displacer operating at a motor speed of 72 rotations per
minute (rpm) for regenerative heat exchanger materials
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composed of 95% Sn 5% Sb by weight as compared to lead
(Pb) 1n a standard Gifford-McMahon refrigerator.

The teachings of all patents, published applications and
references cited herein are incorporated by reference in their
entirety.

EQUIVALENTS

While this invention has been particularly shown and
described with references to example embodiments thereof,
it will be understood by those skilled in the art that various
changes 1n form and details may be made therein without
departing from the scope of the invention encompassed by
the appended claims.

What 1s claimed 1s:

1. A cryogenic refrigerator comprising at least one cooling
stage having a regenerative heat exchanger material 1n
thermal contact with a working gas, including a binary
tin-galllum (Sn—Ga) alloy 1n the at least one cooling stage.

2. The cryogenic refrigerator of claim 1, wherein the
cryogenic refrigerator i1s selected from the group consisting
of a Giflord-McMahon cryogenic refrigerator, a pulse tube
cryogenic refrigerator, and a Stirling cryogenic refrigerator.

3. The cryogenic refrigerator of claim 1, wherein the
Sn—Ga alloy comprises a maximum of 3.9% gallium by
weight.

4. The cryogenic refrigerator of claim 1, further including
a cryopump that includes at least one cryopanel cooled by
the refrigerator and adapted to condense or adsorb gases.

5. The cryogenic refrigerator of claim 1, wherein the at
least one cooling stage includes at least two layers of
regenerative heat exchanger matenal.

6. The cryogenic refrigerator of claim 5, wherein at least
one layer includes the binary tin-gallium (Sn—Ga) alloy and
at least one layer includes at least one rare earth element.

7. The cryogenic refrigerator of claim 5, wherein at least
one layer includes the binary tin-gallium (Sn—Ga) alloy and
at least one layer includes a rare earth intermetallic com-
pound of one or more rare earth elements with a non-rare
carth metal.

8. The cryogenic refrigerator of claim 5, wherein at least
one layer includes the binary tin-gallium (Sn—Ga) alloy and
at least one layer includes a solid solution alloy of rare earth
clements.
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